One of the presumed roles of intracellular glutathione (GSH) is the protection of cells from injury by reactive intermediates produced by the metabolism of xenobiotics. To establish whether GSH depletion is a critical step in the initiation of events that lead to cytotoxicity by P450-activated cytotoxicants, naphthalene, a well-defined Clara cell cytotoxicant, was administered to mice (200 mg/kg) by intraperitoneal injection. Shortly after injection (1, 2, and 3 h), intracellular GSH content was assessed by high performance liquid chromatography or quantitative epifluorescent imaging microscopy and compared with the degree of cytotoxicity as assessed by high resolution histopathology. In highly susceptible airways (distal bronchioles), GSH decreased by 50% in 1 h. Cytoplasmic vacuolization was not visible until 2 h, when GSH had decreased by an additional 50%. By 3 h, cytoplasmic blebbing was extensive. In minimally susceptible airways (lobar and proximal bronchi), GSH depletion varied widely within the population; a small proportion of the cells lost greater than 50% of their GSH by 2 h and a significant percentage of the cells retained most of their GSH throughout the entire 3 h. Cytoplasmic vacuolization was apparent in some of the cells at 2 h but not visible in any cells at 3 h. We conclude that ( 1 ) loss of intracellular GSH is an early event that precedes initial signs of cellular damage in Clara cell cytotoxicity; ( 2 ) this pattern of loss in relation to early injury is found both in highly susceptible and minimally susceptible airway sites; ( 3 ) there is wide cell-to-cell heterogeneity in the response; ( 4 ) the heterogeneity in the response profile varies between populations in highly susceptible and minimally susceptible sites; and ( 5 ) once the intracellular GSH concentration within the entire cell population drops below a certain threshold, the initial phase of injury becomes irreversible.
The epithelium of distal conducting airways is one of the most susceptible sites for acute injury after exposure to a variety of toxicants, including oxidant air pollutants, metabolically activated xenobiotics, and particles. Nonciliated bronchiolar (Clara) cells are the principal epithelial cell phenotype present in the distal airways in many species (1) and are also the primary cellular site of xenobiotic metabolism by the cytochrome P450 monooxygenases in the lung (2, 3) . The Clara cell is uniquely susceptible to injury due to its capability to transform chemicals into toxic intermediates. For most P450-activated toxicants, such as naphthalene, toxicity is highly dose-dependent and cell type-and site-selective; Clara cells in the most distal airways are selectively injured at very low doses, and as the dose increases, injury extends into more proximal airways (4, 5) . Although we have recently defined the pattern of early intracellular changes that occur before frank cytotoxicity in Clara cells (6) , it is not clear how changes in the status of intracellular glutathione (GSH) pools relate to early alterations in cellular organelles involved in acute cytotoxicity. One of the principal detoxification pathways for compounds metabolized by P450 monooxygenases in Clara cells is the conjugation of the reactive metabolites to GSH by glutathione-S-transferases (GSTs) (7) . Whereas enzymatic GSH conjugation is recognized as a primary step in detoxification of reactive metabolites, little is known about the distribution of this antioxidant within intact cell populations in vivo or how the intracellular pool of GSH responds to rapid generation of reactive metabolites. To date, there has not been an accurate assessment of the amount of GSH that is transferase accessible within intact cell populations in vivo.
Chemicals that acquire toxicity after P450-mediated metabolism and the cellular changes that accompany toxicity have been particularly well studied in the liver. Many of the changes in cell organelles resemble those we have reported previously for Clara cells exposed to naphthalene: formation of large clear cytoplasmic vacuoles, dilation of smooth endoplasmic reticulum (SER), loss of ribosomes from rough endoplasmic reticulum, aggregation of microfilaments, and protrusion of organelle-depleted blebs from apical cellular surfaces (6, 8) . Research on bleb formation in hepatocytes has suggested that blebs are caused by various mechanisms: transformation of preexisting microvilli, changes in the cortical cytoskeleton, and disturbances in both thiol and calcium homeostasis within the injured cell (9-13). It is not known whether these mechanisms are involved in Clara cell toxicity from P450-activated toxicants, although cytoskeletal changes have been implicated based on Clara cell morphology in the injury target zone of mice exposed to naphthalene (6) . Most of the previous mechanistic work on P450-related cytotoxicity is based on studies in isolated hepatocytes and may not represent the changes that occur in intact pulmonary epithelial populations. This is especially true for the Clara cell, which has been difficult to maintain in culture in a highly differentiated state.
Because Clara cell toxicity is site-selective, alterations that lead to cytotoxicity should be more pronounced in airways highly susceptible to injury and less pronounced in less susceptible sites. For naphthalene-induced Clara cell injury in mice, these sites are terminal bronchioles and proximal bronchi, respectively (4). However, the site-specific nature of this distribution in relation to GSH content has not previously been addressed with respect to intact epithelial populations. Our earlier studies found that GSH content varies considerably by airway level and that this disparate distribution of GSH is directly correlated with the level of cellular susceptibility to acute injury by exposure to ozone (14) . Differential toxicity is not thought to be due to variation in the enzymes responsible for conjugation (15) but may be due to capability to resynthesize depleted GSH (16) . For bioactivated toxicants such as naphthalene, the rate of cellular production of reactive metabolites (5, 7) , mismatches between activation and detoxification pathways (7), as well as GSH pool regulation capabilities (16) may also be key factors in determining cellular susceptibility. Previous studies using histochemical staining for GSH have found heterogeneity in Clara cell GSH content and reduction of overall cellular GSH levels in mice treated with dichloroethylene (DCE) (17) .
The present study was designed to test the hypothesis that GSH depletion is a critical step in the initiation of events that lead to acute Clara cell toxicity by cytochrome P450-activated cytotoxicants and, as a corollary, that the pattern of depletion will vary between airway epithelial populations depending on their susceptibility to acute injury. Comparison of GSH content in more susceptible and less susceptible airways was performed on a site-specific basis both by high performance liquid chromatography (HPLC) analysis and by quantitative epifluorescent imaging of the GSH conjugated to monochlorobimane (MCB). The early phases of the Clara cell response were mapped by highresolution light microscopy in target and nontarget regions over the initial 3 h after exposure to naphthalene.
Materials and Methods

Reagents
Naphthalene was purchased from Aldrich Chemical (Milwaukee, WI). Corn oil (Mazola) was manufactured by Best Foods/CPC International (Englewood Cliffs, NJ). Glutaraldehyde, paraformaldehyde, lead citrate, toluidine blue, Azure II, and Araldite 502 resin were obtained from Electron Microscopy Sciences (Fort Washington, PA). The fluorochromes MCB and monobromobimane were obtained from Molecular Probes (Eugene, OR).
Animals
Adult, 8-to 10-wk-old, male viral antibody-free Swiss Webster mice (CFW; Charles River Laboratories, Wilmington, MA) were used. Mice were housed in a high efficiency particle air (HEPA)-filtered cage rack in American Association for the Accreditation of Laboratory Animal Care approved facilities on a 12/12 light/ dark cycle with food and water ad libitum for at least 5 d before use.
Experimental Protocol
All animals were treated at the same time of day, between 8:00 and 10:00 A . M ., with either naphthalene or a corresponding volume of carrier (corn oil). Animals were killed using an overdose of pentobarbital sodium at 1, 2, and 3 h after treatment. Each experiment contained at least one naphthalene-treated and one carrier-treated animal at each time point. The experiment was repeated three times. A minimum of three control and three treated mice were analyzed at each time point by high resolution histopathology.
Light Microscopy
The trachea was cannulated and lungs were inflated at 30 cm of pressure in situ with 330 mOsm Karnovsky's fixative (1% glutaraldehyde/0.5% paraformaldehyde in cacodylate buffer, pH 7.4) for 1 h. Lungs were stored in fixative in the dark until used. Lung slices were postfixed in 1% osmium tetroxide in Zetterquist's buffer, processed by large block methodology, and embedded in Araldite 502 epoxy resin. Specimens were sectioned at 1 m on a Sorvall JB4 microtome with glass knives and stained with methylene blue/Azure II. High and low magnification images of fields containing terminal and distal bronchiolar epithelia, and midlevel (generations 7 to 9) and proximal bronchi (generation 1) were captured using an Olympus Provis computerized microscope in brightfield mode.
Demarcation of Specific Sites within Dissected Airways
All samples were obtained from specific airway levels as marked in Figure 1 . Two labeling schemes for specific airway generations were used: one to image airway sites and the other to demarcate airway segments for HPLC assay. The HPLC data were generated from airway tubular segments of airways that were microdissected free of parenchyma. These segments consisted of samples of distal bronchioles, minor daughter bronchus, and major daughter bronchus ( Figure 1B ). The sites for intracellular GSH imaging and quantitation included terminal bronchioles ( Figure 1C ), distal bronchioles, midlevel bronchus (generations 7 to 9), and proximal (generation 1) bronchus. Only intact contiguous cell populations in the relatively flat planes between branch points were evaluated.
Tissue Preparation for Live Cells In Situ
Microdissected bronchioles containing live cells were obtained using a modification of the methods of Van Winkle and colleagues (18) . Briefly, the lungs were removed from the animal and inflated with low melting temperature agarose, which then solidified in ice-cold Ham's F12 medium for 20 min. The middle lobe was removed and separated into two parts: proximal (approximately two-thirds) and distal (one-third) (Figure 1 ). The proximal end was cut open by microdissection down the airway lumen. The distal end was left unopened but was exposed by removal of parenchyma.
Intracellular GSH Imaging and Quantitation
To define the GST-conjugatable GSH pools, the proximal and distal airways were incubated with 0.5 M of the GST-dependent fluorochrome MCB (Molecular Probes) for 15 and 20 min, respectively, at 37 Њ C. The conjugate MCB-GSH was imaged and measured in individual cells within the airways as fluorescence intensities using a Nikon upright microscope equipped with a ϫ 40 water immersion objective and a fluorescence analytical imaging system (Deltascan 4000; Photon Technologies International, Trenton, NJ) as described previously (19) .
HPLC Analysis of GSH
GSH was detected in microdissected airway segments corresponding to the major daughter, minor daughter, and terminal bronchiolar airway generations ( Figure 1B ) using an HPLC method with electrochemical detection as described in detail in a study by Lakritz and coworkers (20) . GSH content was normalized to the amount of protein in the sample as measured using the method of Lowry and associates (21) with bovine serum albumin as a standard. A minimum of six animals was sampled per data point.
Statistics
The mean and standard deviation for each group of animals at a time point were calculated from values per airway level on a per animal basis. Data were analyzed by use of an analysis of variance (ANOVA) for significance at P Ͻ 0.05. Both the HPLC data and the fluorescent intensity measures were signficant by ANOVA. Significance between groups was determined using an unpaired t test for an airway level in comparison to the zero time control ( P Ͻ 0.05) (22) .
Results
Terminal Bronchioles
For imaging of GSH in individual cells and for histopathology, terminal bronchioles were defined as the most distal generation of airways contiguous with alveolar ducts and the airway generation most proximal to it ( Figure 1C ). For HPLC analysis of GSH content, the most distal airway generations (from intrapulmonary airway generation 14 to the terminal end, generations 20 to 22) were isolated as a single unit ( Figure 1B) .
HPLC . GSH concentration in the distal airways averaged 6 nmol/mg protein (Table 1) in the lungs of untreated animals either immediately after injection of carrier or 3 h after carrier treatment. One hour after naphthalene treatment, GSH concentration dropped by nearly 50% of initial levels and by 2 h after injection was less than 25% of initial levels (Table 1) . Three hours after naphthalene injection, GSH concentration in the most distal airway generations was slightly, but not significantly, greater than at 2 h after injection.
Imaging . Cellular GSH concentrations based on distribution of MCB-GSH conjugate distribution by epifluorescence showed a wide range of variability in cell intensity in terminal bronchioles ( Figure 2 ). The average intensity of cellular GSH in terminal bronchioles of animals exposed to the carrier alone was approximately two-thirds that of lobar bronchi in the same lungs (Table 2) . When the intensity of the MCB-GSH signal was compared based on cell distribution, the range of intensities varied by a factor of almost 5-fold in control animals ( Figure 3 ). One hour after naphthalene injection, the intensity levels for cells within the terminal bronchioles decreased to less than 50% of the initial control level (Table 1 ). This was represented as a loss of fluorescence in both high and low intensity cells ( Figure 3) . By 2 h postinjection, the average intensity per cell had dropped to approximately 60% of the level noted at 1 h (Table 2 ). This was represented as a complete loss of The HPLC analysis was performed on tubular airway segments that were microdissected free of parenchyma. These samples were taken from the groups of airways identified by the boxes as distal bronchioles, minor daughter bronchus, and major daughter bronchus. (C) The cardiac lobe was inflated with low melting temperature agarose, removed, and separated into two parts: proximal (approximately two-thirds) and distal (one-third). The sites for intracellular GSH imaging and quantitation included terminal bronchioles, distal bronchiole, bronchus generations 7 to 9, and bronchus generation 1.
GSH from the majority of individual cells. Virtually all of the cells containing the remaining 40% were in the lowest three intensity categories ( Figure 3) . By 3 h postnaphthalene injection, the intensity of individual cells had increased somewhat compared with 2 h but was below the level found 1 h after injection (Table 1) . This was accounted for by an increase in the intensity of individual cells (Figure 3 ). Histopathology . In terminal bronchioles, the majority of nonciliated cells had a relatively uniform distribution of dense staining inclusions and apical projections into the airway lumen (Figure 3 ). There was a small number of ciliated cells. At 1 h postnaphthalene injection, there was little difference in the appearance of epithelial cell cytoplasm compared with that in control animals ( Figure 3) . By 2 h postnaphthalene injection, the majority of nonciliated cells had lost their apical projections and had noticeable areas of vacuolization within the cell cytoplasm. In most cells, a significant portion of this vacuolization was basal to the nucleus (Figure 3) . By 3 h postnaphthalene injection, the majority of nonciliated cells in the terminal bronchioles had apical blebs with uniform staining. There were areas of vacuolization, but most of the cytoplasm appeared as dense or denser than that in controls.
Distal Bronchioles
For imaging and histopathology, distal bronchioles were defined as the conducting airways five to seven generations (intrapulmonary airway generations 13 to 15) in the axial pathway proximal to the terminal bronchiole ( Figure  1C ). For analysis of GSH by HPLC, these airway generations were included with terminal bronchioles. Figure  1C of corn oil (CO) carrierand naphthalene (NA)-treated mice. Cells within the distal bronchiole of adult mouse lung were analyzed in situ from airway preparations in which the mediastinal portion of the parenchyma was dissected away. Individual cells (asterisk) within the epithelium of control mice (CO) vary in GSH content throughout the distal bronchiolar region. The four regions evaluated in this figure show a marked drop in the signal for MCB-GSH 3 h after naphthalene (NA) treatment. Color bar indicates intensity of the fluorescent signal: blue correlates to low intensity and magenta correlates to high intensity. HPLC . The changes in GSH concentration by HPLC were as described for terminal bronchioles previously.
Imaging . The range of average fluoresence intensity of MCB-labeled individual cells in the distal bronchioles was nearly as wide as that observed in terminal bronchioles (Figure 4) . The average intensity of cells in distal bronchioles of animals exposed to carrier alone was approximately 75% that of lobar bronchi in the same lungs (Table 2) . By 2 h after injection, the intensity had decreased and remained low for up to 3 h after injection (Table 2 ). For control animals, the range of variability in fluorescence intensity of individual cells within the population was less than it was in terminal bronchioles (compare Figure 4 with Figure 3) . At 1 and 2 h after naphthalene injection, there was a bimodal distribution in individual cell intensity for MCB-GSH conjugates in distal bronchioles, unlike that observed in terminal bronchioles. Approximately 50% of the cells had GSH concentrations at or below those observed in terminal bronchioles of treated animals, whereas the remainder had GSH concentrations in the range observed in control animals ( Figure 4 ). This bimodal distribution disappeared by 3 h postnaphthalene injection when the population of cells with high levels of GSH had lost some GSH and there was an increase in GSH concentration in the individual cells at the lower end of the concentration range ( Figure   4 ). At no time were cells observed in distal bronchioles that had no detectable GSH concentration.
Histopathology . In contrast to the organization of epithelium in terminal bronchioles, distal bronchioles in control animals had fewer nonciliated cells. There was little difference in the conformation of nonciliated cells 1 h after naphthalene injection (Figure 4) . At 2 and 3 h postnaphthalene injection, there was a wide range in response. Some of the nonciliated cells had cytoplasm with decreased opacity and many had zones of vacuolization. By 3 h postnaphthalene injection, a significant number of cells contained vacuolated cytoplasmic areas. There were very few instances where apical blebs were observed, although a small population of cells had zones of light staining material in the apex at 3 h (Figure 4) .
Midlevel Bronchus
For purposes of imaging and histopathology, the midlevel bronchi were defined as the airway generations contiguous with the lobar bronchus and seven to nine generations distal to that airway ( Figure 1C ). For GSH analysis by HPLC, the airway sample included intrapulmonary airway generation numbers 7 to 13 ( Figure 1B) .
HPLC . The GSH content was approximately the same as that in the lobar bronchus but less than that observed in the distal bronchioles in control animals ( Table 1) . By 1 h after naphthalene injection, the GSH concentration dropped to approximately two-thirds that in control animals and remained at approximately that level for the next 2 h.
Imaging . The average intensity of MCB-GSH conjugate was approximately the same as that observed in the distal bronchioles and was around 75% that of the lobar bronchus ( Table 2) . At 1 h postnaphthalene injection, the average fluorescence intensity decreased by approximately the same percentage as it did in the distal bronchioles. There was an additional decrease by almost 50% at 2 h postnaphthalene injection followed by an increase 3 h after injection (Table 2) . In control animals, the range of GSH intensity in individual cells in these airways was similar to that observed in distal bronchioles (compare Figure  4 to Figure 5 ). At 1 h postnaphthalene injection, there was a slight drop in GSH intensity in approximately 30% of the cells, but the remainder of the cells appeared to be unchanged ( Figure 5 ). Two hours after naphthalene injection, the majority of the cells had the same range of intensity as that observed in the distal bronchioles 3 h after naphthalene injection (compare Figure 5 with Figure 4) . By 3 h postnaphthalene injection, approximately half of the cells had the same range of intensity as that observed in the cells in untreated animals and none of the cells exhibited intensities in the lowest two categories of the range.
Histopathology . The airway epithelial cells in control animals in this airway generation had the same range of cellular composition and distribution as was observed in more distal intrapulmonary airways ( Figure 5 ). One hour after naphthalene injection there was no clear difference from controls in the structure of nonciliated cells, with the exception that some of the cells lacked pronounced apical projections ( Figure 5) . By 2 h postnaphthalene injection, there were a number of cells with lowered intensity of staining, and many cells had a random distribution of small vacuolated areas. By 3 h postnaphthalene injection, no difference in the composition of the epithelium could be detected as compared with controls ( Figure 5 ).
Lobar Bronchus
For imaging and histopathology, the lobar bronchus was defined as the airway located at the proximal end of the airway tree where the airway enters the lobe ( Figure 1C ). For analysis of GSH by HPLC, the most proximal four to five generations of airways were isolated for evaluation ( Figure 1B) . HPLC . The GSH content in the lobar bronchi was approximately the same as that observed in midlevel bronchi (Table 1 ). This was decreased by about 25% 1 and 2 h after naphthalene injection, and was less than 50% of control levels by 3 h postnaphthalene injection.
Imaging . The average intensity of MCB-GSH conjugate per cell was highest in the lobar bronchus in carrier-treated control animals ( Table 2) . One hour after naphthalene injection the intensity had decreased by approximately 20% and at 2 and 3 h by a total of 25% as compared with controls. The fluoresence intensity of individual cells was in the highest intensity range with over 60% of the cells at the upper end and the remainder varying by approximately 2-fold ( Figure 6 ). At 1 h after naphthalene injection, a small percentage of the cells had lost about 50% of their GSH. By 2 h postnaphthalene injection, the range of GSH content was wider than at any experimental time in any of the airways except in the terminal bronchiole at zero time.
The majority of the cells at both 2 and 3 h postnaphthalene injection ranged in intensity from the highest level down to approximately one-fourth that level ( Figure 6 ). Histopathology. Compared with other airway generations in control animals, the epithelial composition in lobar bronchi had a more even distribution of nonciliated and ciliated cells ( Figure 6 ). Very few of the nonciliated cells had apical projections. By 1 h postnaphthalene injection, there was no discernible difference between the epithelia compared with carrier-treated controls. Two hours after naphthalene injection there was a decrease in the staining intensity of nonciliated cells and there were small areas in which a small number of cells appeared to have tiny vacuoles. By 3 h postnaphthalene injection, the majority of the cells appeared to vary little from that of carriertreated control animals. There was a small number of cells that appeared to have some focal areas of clear cytoplasm, but no epithelial disruption or formation of apical blebs was observed.
Discussion
We tested the hypothesis that GSH depletion is a critical step in the initiation of events that lead to acute Clara cell toxicity by cytochrome P450-activated cytotoxicants and, as a corollary, that the pattern of depletion will vary between airway epithelial populations, depending on their susceptibility to acute injury. We defined the profile of GSH depletion during the early phases of acute cell injury in a model of Clara cell injury in which the relationship between loss of cell permeability and Clara cell necrosis has been well defined (4, 6, 18, 23) . We compared the profiles of GSH depletion with early changes in Clara cell populations in two areas where exposure to the toxicant (naphthalene) does not produce acute toxicity and in two regions where acute toxicity and subsequent Clara cell necrosis do occur (4, 24) . Our site-specific approach to analysis established that intracellular GSH decreases in both highly susceptible and minimally susceptible airway populations. Progress of cellular pathology in relation to local GSH status is the same in both epithelial populations. What vary between sites are the rate and extent of cellular GSH depletion and the degree of cytotoxic change within the population. The same time course and extent of GSH depletion were detected in homogenates of whole cell populations by HPLC analysis and in individual cells within the populations by quantitative fluorescent imaging. Analysis of intracellular GSH content on a cell-by-cell basis documented wide cell-to-cell variability in the response pattern at any given airway site. Regardless of the rate of depletion from individual cells in susceptible populations, all the cells appear to progress through the same pattern of cytotoxicity. GSH depletion precedes the loss of Clara cell membrane integrity, as defined in our previous study (6) , by at least 2 h. It also precedes the earliest changes in the cytotoxic response, cytoplasmic vacuolation, and focal swelling of SER, by at least 1 h. When the intracellular GSH concentration within a cell population in a local site drops below a threshold, cellular injury becomes irreversible and leads to necrosis. Intracellular GSH pool responses appear to be widely heterogeneous on a cell-by-cell basis within airway populations, but more so in cells located in nonsusceptible airway sites. This suggests that the Clara cell population within nonsusceptible sites includes two different subpopulations that respond differently to toxic stress from reactive metabolites. One of these subpopulations maintains its GSH pool and does not exhibit early cellular changes in response to cytotoxic stress. All four of the sites with known differences in potential for cytotoxic injury have a different mix of resistant and susceptible phenotypes. This is based both on the response of the GST-accessible GSH pool and on histopathologic changes after exposure.
Although it is now well recognized that GSH plays a critical role as an intracellular reducing agent in modulating cellular susceptibility to oxidant stress in the lung (25) , this study is, to the best of our knowledge, the first attempt to (1) quantitatively define in situ intracellular GSH pools in intact populations of living cells and (2) compare the cellular response to GSH depletion in contiguous cell populations with variable susceptibilities to acute cytotoxicity from metabolically activated compounds. Formation of small vacuoles is one of the earliest events in the Clara cell response to P450-activated toxicants (6, 26) . By the time large vacuoles in Clara cells are apparent by high resolution light microscopy, the following changes have occurred in the cellular organelles: focal swelling of SER; secretory granules separated from plasmalemma by a zone of intermediate filaments; transposition of mitochondria to the apical cytoplasm; and general loss of cytoplasmic density (6) . Previously, Forkert (26) found variability of histochemically detectable GSH in the steady state in the distal bronchiole Clara cell population. This finding suggests that the damage that results in necrosis due to DCE occurs at the level of individual cells and that loss of GSH is critical for cell toxicity. Whether GSH was depleted in airways uninjured by DCE treatment was not addressed either biochemically or on a semiquantitative cell-by-cell basis, but the same general pattern of cellular changes was observed. Our findings emphasize that the loss of transferase-accessible GSH (as detected using MCB) may be just as important as reduction of total cellular GSH and other sulfhydryls within individual cells, and that at least 50% of the intracellular GSH pool must be lost before cell organelle changes are apparent. This degree of GSH loss occurs in virtually all of the cells in the most susceptible site (terminal bronchioles) and in approximately half of the cells in a less susceptible site (distal bronchioles). Essentially none of the cells at the two sites that are refractory to necrosis, the proximal (lobar) and midlevel bronchi, loses GSH to this extent. By the time a majority of the cells lose 75 to 100% of their GSH, which occurs in distal bronchioles by 2 h after treatment, the alterations in cellular organelles are sufficient to make the injury irreversible. These changes include (1) separation of the apex of the cell, together with swollen endoplasmic reticulum, into membrane-bound blebs separated by a zone of intermediate filaments and (2) swelling of mitochondria with condensation of matrix. The remainder of the cytoplasm generally also appears condensed (6) . A similar pattern of injury has been observed in isolated hepatocytes treated with menadione (11); however, the relation of these changes to cytoplasmic GSH loss has not been determined. Our observations suggest that unless more than half of the Clara cells in a local epithelial population have lost 75% or more of their initial GSH concentration, the toxic cellular changes appear to be reversible. This is based on the fact that previously we have not been able to detect significant pathology in cells lining proximal airways 24 h after the administration of naphthalene at this dose (24) . The rate of recovery appears to depend on the percentage of the cell population with severe GSH loss. When combined with our previous study that compares temporal changes in ultrastructure with loss of membrane integrity (6) , it is clear that the loss of intracellular GSH from GST-accessible pools is a very early event, which is separated significantly in time from the irreversible alterations in intracellular organelles that lead to eventual loss of membrane integrity and cell death. This sequence of events is entirely consistent with the view that cellular GSH depletion precedes the covalent binding of electrophilic naphthalene metabolites, which occurs before the initial signs of injury. This is also consistent with the paradigm, supported by much earlier studies in whole lung (27) , that there is a GSH threshold for toxicity and covalent binding of reactive metabolites. We recognize that although the techniques used in the current studies for assessing GST-transferase accessible pools of GSH are appropriate for naphthalene, they are not necessarily applicable to other metabolically activated pulmonary toxicants such as 4-ipomeanol and DCE. In contrast to naphthalene (28) where GST catalyzes the conjugation of the electrophilic epoxides, the reactive metabolites from 4-ipomeanol (29) and DCE (30) conjugate with GSH in the absence of glutathione transferases.
In hepatocytes, the sequence of cellular changes involved in cytotoxicity has been well defined, but the role of GSH is not entirely clear. The sequence of intracellular alterations due to hypoxia was found to include adenosine triphosphate depletion, bleb formation with cell swelling, mitochondrial permeability transition, disintegration of lysosomes, failure of membrane integrity, and cell death (31) . How GSH pool status is related to these changes was not addressed. Studies of acetaminophen-induced toxicity in mouse hepatocytes have shown that intracellular calcium concentration increases shortly before loss of cell viability (32) . This increase occurred well after bleb formation, suggesting that calcium changes occur after the irreversible events in injured hepatocytes (32) . Changes in intracellular thiol status have also been implicated as an early part of the injury response in hepatocytes with menadione (11; 12), but the percentage of GSH that contributed to the measurement of total thiols was not determined. Furthermore, protein thiol oxidation was accompanied by increases in cytoskeleton-associated protein and formation of large molecular weight aggregates of a type that resembled actin. Thiol oxidation was found to be a critical step in the formation of the cell surface blebs that preceded cell death. Our study has shown that loss of GSH itself is a critical step leading to bleb formation, at least in Clara cells.
The pattern of responses we have observed in the depletion of GSH by naphthalene in Clara cells in situ in the current study, as well as the broad range of steady-state intracellular GSH levels, has also been observed by us in isolated Clara cells (19) . The isolation procedure removes Clara cells from throughout the airway tree and results in a mixed population (19, 33) . This mixed population has the same broad heterogeneity of GSH concentration we have reported here for cell populations maintained in the context of their airway microenvironment. Indeed, the response to exposure to naphthalene in isolated Clara cells is very similar to that of cells in situ, in which subpopulations appear to retain their GSH pools while other subpopulations lose their pools rapidly (19, 33) . Furthermore, loss of membrane integrity occurs only in isolated Clara cells lacking any detectable intracellular GSH, and the loss of the GSH pool precedes the loss of membrane integrity by a substantial period of time (19) .
Although most of the cellular changes in Clara cells that follow the loss of intracellular GSH appear to be associated with degradation of specific cellular organelles (such as endoplasmic reticulum), the drop in GSH also appears to trigger a possible positive response, the reorganization and distribution of organelles within the cytoplasm (6) . Reorganization of intermediate filaments participates in the segregation of damaged organelles from the remainder of the cell cytoplasm. This appears to be the initial response of severely injured cells in an attempt to maintain a functioning, integrated cell after organelle injury. As part of our studies to define the mechanism of bioactivated injury in Clara cells, we have shown that one of the target macromolecules to which reactive naphthalene intermediates become bound comigrates with actin by 2D gel electrophoresis (34) . Whereas reorganization of intermediate filaments appears to be an active process involved in the formation of cytoplasmic blebs, this reorganization could also be a response to the binding of functional actin filaments by reactive intermediates and the creation of new actin filaments by the cell in response to loss of function in the adducted filaments.
Because we could not establish the degree of toxic injury directly for each cell for which we have an individual GSH measurement, we used a comparative approach to determine the extent to which individual cells within the population can retain and modulate GSH pools and the impact this will have on the long-term maintenance of cell integrity after exposure to a known toxic dose. We could not determine whether the most severely depleted cells in these distal airways are the ones that eventually become permeable nor do we know whether the cells with higher GSH levels when early permeability occurs will also eventually lose their GSH. However, it does suggest that even within a single airway generation, not all cells respond the same way.
This underscores the importance of evaluating an entire cell population in the context of its microenvironment.
Comparison of the pattern of GSH depletion by microenvironment demonstrates that a variety of different factors play a role in determining whether the response of individual Clara cells to the production of reactive intermediates will lead to irreversible injury. One of these is the range of intracellular GSH concentrations within the steadystate population before exposure. In Clara cells in the two airway locations where no long-term injury can be identified, the proximal (lobar) and midlevel bronchi, the average level of GSH within the cells is much higher and the range of variation within the population is much closer to the higher end of the range than is the case for the more distal and more susceptible airways, the distal and terminal bronchioles. A second factor is the rate and extent of GSH loss during the early stages of naphthalene toxicity. For the most resistant airway, the proximal bronchus, almost 50% of the Clara cells do not appear to lose any substantial portion of their GSH during the first few hours after naphthalene administration. In the distal bronchioles, airway generations in which approximately 50% of the Clara cells survive exposure, we found a subpopulation of Clara cells that maintains its GSH pools through the first 2 h of active metabolism after naphthalene treatment. A third factor that influences individual cellular susceptibility is the varying ability of Clara cell populations to replenish their GSH pools after complete depletion. As we have previously shown (16) , the populations in proximal, midlevel, and distal airways vary markedly in their ability to independently maintain their intracellular GSH pool in the face of the complete absence of extracellular GSH and sulfur-containing amino acids and in the rate at which they can replenish their intracellular GSH pool after severe depletion (16) . The ability to resist depletion and rapidly replenish is primarily true for the two most resistant airways, the proximal and midlevel bronchi, both of which have at least a small portion of their Clara cell population retaining GSH for substantial periods after naphthalene exposure. Our study has demonstrated that these differences in management of GSH pools are the result of differences in the biology of individual cells that populate different portions of the tracheobronchial airway tree.
